Optic nerve head (ONH) astrocytes have been proposed to play both protective and deleterious roles in glaucoma. We now show that, within the postlaminar ONH myelination transition zone (MTZ), there are astrocytes that normally express Mac-2 (also known as Lgals3 or galectin-3), a gene typically expressed only in phagocytic cells. Surprisingly, even in healthy mice, MTZ and other ONH astrocytes constitutive internalize large axonal evulsions that contain whole organelles. In mouse glaucoma models, MTZ astrocytes further upregulate Mac-2 expression. During glaucomatous degeneration, there are dystrophic processes in the retina and optic nerve, including the MTZ, which contain protease resistant γ-synuclein. The increased Mac-2 expression by MTZ astrocytes during glaucoma likely depends on this γ-synuclein, as mice lacking γ-synuclein fail to up-regulate Mac-2 at the MTZ after elevation of intraocular pressure. These results suggest the possibility that a newly discovered normal degradative pathway for axons might contribute to glaucomatous neurodegeneration.
Optic nerve head (ONH) astrocytes have been proposed to play both protective and deleterious roles in glaucoma. We now show that, within the postlaminar ONH myelination transition zone (MTZ), there are astrocytes that normally express Mac-2 (also known as Lgals3 or galectin-3), a gene typically expressed only in phagocytic cells. Surprisingly, even in healthy mice, MTZ and other ONH astrocytes constitutive internalize large axonal evulsions that contain whole organelles. In mouse glaucoma models, MTZ astrocytes further upregulate Mac-2 expression. During glaucomatous degeneration, there are dystrophic processes in the retina and optic nerve, including the MTZ, which contain protease resistant γ-synuclein. The increased Mac-2 expression by MTZ astrocytes during glaucoma likely depends on this γ-synuclein, as mice lacking γ-synuclein fail to up-regulate Mac-2 at the MTZ after elevation of intraocular pressure. These results suggest the possibility that a newly discovered normal degradative pathway for axons might contribute to glaucomatous neurodegeneration.
DBA/2J mice | retinal ganglion cell | Sncg G laucoma, a neurodegenerative disorder that kills retinal ganglion cells (RGCs), affects more than 60 million people and is the second leading cause of blindness worldwide (1). In glaucomatous retinas, both astrocytes and Müller glia increase their reactivity (2, 3). Within the orbital portion of the optic nerve, astrocytes increase in number and reactivity (4) . Within the optic nerve head (ONH), astrocytes also increase reactivity in glaucoma animal models and in the human disease (5) . These ONH astrocytes are of particular interest as they enwrap axons at the location where damage would account for the arcuate vision field loss characteristic of glaucoma.
Here, we identify a spatially discrete population of astrocytes within the ONH, those at the myelination transition zone (MTZ), which express the phagocytosis-related gene Mac-2. Surprisingly, astrocytes throughout the ONH including the MTZ phagocytose large axonal evulsions even in unaffected mice. Mac-2 expression is increased in optic nerve astrocytes upon injury and at the MTZ in two mouse models of glaucoma. In glaucomatous mice, there are protease resistant forms of γ-synuclein, including at the MTZ. Further, mice lacking γ-synuclein fail to up-regulate Mac-2 at the MTZ in response to increased intraocular pressure (IOP). These results suggest the possibility that failure to properly clear axon-derived material at the MTZ, including γ-synuclein, may contribute to axon loss in glaucoma.
Results
Astrocytes at the MTZ Constitutively Express Mac-2, a Gene That Optic Nerve Astrocytes Up-Regulate upon Injury. We recently showed that, in DBA/2J mice, microglia within the orbital (myelinated) portion of the optic nerve up-regulate Mac-2 late in glaucomatous degeneration (4). Mac-2 is a gene implicated in phagocytosis of myelin by professional phagocytes such as microglia (6) and nonprofessional phagocytes such as Schwann cells (7). Now we find that Mac-2 is also expressed in a discrete band of cells at the ONH in unaffected mice, including young DBA/2J mice (Fig.  1A) . The Mac-2 expression domain coincides with the position of the first oligodendrocytes, in a region hereafter referred to as the MTZ. Surprisingly, the cells that constitutively express Mac-2 are astrocytes, as determined by their expression of GFAP (Fig. S1A , control) and Aldh1l1 and vimentin (Vim) mRNAs (Fig. 1B) , and their lack of expression of the microglial marker Iba1 (Fig. 1B) . To determine whether Mac-2 might be a marker of increased reactivity in astrocytes, optic nerves were analyzed 3 d after crush of the orbital optic nerve near the MTZ. Such crush produced an increase in GFAP and a larger increase in Mac-2 immunoreactivity (Fig. S1A) . Measuring the mean Mac-2 fluorescence in pixels selected by their GFAP expression demonstrated that most of the Mac-2 increase after crush occurs within astrocytes: mean Mac-2 expression was approximately twofold higher in the crushed optic nerves and increased at higher segmentation values of GFAP (Fig. S1B) . Nerves subjected to all surgical manipulations other than the crush itself (n = 4) had no Mac-2 up-regulation. Thus, Mac-2 is up-regulated in optic nerve astrocytes after injury and there is a population of optic nerve astrocytes that constitutively express high levels of Mac-2 in the absence of an external injury, namely the MTZ astrocytes.
MTZ Astrocytes Increase Mac-2 Expression During Glaucomatous
Degeneration. To determine whether Mac-2 expression at the MTZ was further increased during axonal degeneration in glaucoma, 10-mo-old DBA/2J mice were compared with 3-moold DBA/2J mice. As previously reported (8) , mouse RGCs can be identified by their expression of the RGC-specific gene Data deposition: The EM data sets reported in this paper have been deposited in the ccdb. ucsd.edu database (accession no. P2078).
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1013965108/-/DCSupplemental. γ-synuclein, and a subset of axonally damaged RGCs can be identified based on their having phosphorylated neurofilaments (pNFs) in their somas and dendrites (pNF + RGCs; Fig. S2 ). As expected, the 10-mo retinas had decreased numbers of RGCs, more than two orders of magnitude increase in the number of pNF + RGCs, and manifested sectorial patterns of degeneration ( Fig. 2 A and B) . In these same 10-mo DBA/2J mice, there was an approximately sevenfold increase in Mac-2 expression at the MTZ ( Fig. 2 C and D) . In the glaucomatous mice, the expression of Mac-2 spread beyond the MTZ into both the (unmyelinated) lamina region and within the (myelinated) orbital optic nerve, although it still peaked at the MTZ (Fig. 2D, Inset) . To determine whether the level of Mac-2 expression at the MTZ was correlated with the amount of active RGC degeneration, Mac-2 expression was compared with the number of pNF + RGCs in the 10-mo DBA/2J samples. Indeed, the level of Mac-2 at the MTZ increased linearly for every order of magnitude increase in the number of pNF + RGCs (Fig. 2E ). To rule out the possibility that Mac-2 up-regulation by MTZ astrocytes was caused by aging, a separate experiment compared 9-to 10-mo DBA/2J versus agematched DBA/2J Gpnmb + mice (Fig. S3 ). As expected, there was a significant loss of RGCs and increased number of pNF + RGCs in DBA/2J compared with DBA/2J Gpnmb + mice ( Fig. S3  A and B) . Relative to the DBA/2J Gpnmb + mice, the DBA/2J mice had significantly higher Mac-2 expression at the MTZ at the levels of both protein and mRNA ( Fig. S3 C and D) .
Normal ONH Astrocytes Constitutively Internalize Evulsed Axonal
Material. To determine whether astrocytes at the MTZ manifest a phagocytic phenotype similar to other Mac-2-expressing cells, an ONH from a control 9-m C57BL/6J mouse was analyzed by automated serial block-face scanning EM (Methods). Two large volumes were collected, one centered on the MTZ (1.6 million μm 3 ) and another covering a region from the glial lamina to the MTZ (1.2 million μm 3 ; Fig. 3A ). [These datasets are available in the Cell Centered Database (9) as Project 2078, at cccb.ucsd. edu]. Both in the lamina (Fig. 3B ) and the MTZ (Fig. 3C ), axons were enwrapped by astrocytes with transverse orientation, as previously reported (10) . Surprisingly, even in this strain, which does develop RGC loss with age (8) , axons at the glial lamina ( Fig. 3D ) and MTZ ( Fig. 3E) had numerous large accumulations of electron-dense granules immediately adjacent to astrocytic processes (protrusions) and other similar granule accumulations that were completely separated from axons and surrounded by astrocytes (evulsions). Serial sectioning confirmed that the evulsions were completely separated from the axons (Movies S1 and S2). Serial reconstruction of one such evulsion found it attached to the axon of origin by a thin stalk (Movie S3). Similar granule accumulations were also found fully within astrocytes at various stages of degradation ( Fig. 3 D and E, Right; and Movies S4 and S5). To determine their frequency, granule accumulations were counted in subvolumes taken from the glial lamina and MTZ (136,000 μm 3 each; Fig. 3A ). Fewer granule accumulations were found at the MTZ relative to the glial lamina (72 vs. 218 in equal volumes, not corrected for differing optic nerve diameters at the two locations). Although the mean radius of accumulations was comparable at the lamina (0.9 ± 0.2 μm) and MTZ (1.0 ± 0.4 μm), there was a larger variability at the MTZ because of the presence of several large accumulations. To determine whether ONH astrocytes had the molecular machinery necessary to internalize and process axonal debris, the expression of phagocytosis-related genes recently shown to be expressed in astrocytes (11) were examined. Indeed, many or all ONH astrocytes, including MTZ astrocytes, express several genes involved in the cell death engulfment defective pathway, in- cluding Abca1, Mfge8, Lrp1, and Pla2g7 (Fig. S4) . Thus, like Mac-2-expressing microglia (6) and Schwann cells (7), Mac-2-expressing astrocytes at the MTZ are phagocytic.
MTZ Axonal Protrusions and Evulsions Contain γ-Synuclein. A previous study documented aberrant γ-synuclein accumulation in human glaucoma optic nerve, both in axonal spheroids and within astrocytes (12) . To determine whether there was a relationship between the γ-synuclein pathologic processes observed in human glaucoma and the axonal protrusions/evulsions at the MTZ observed in DBA/2J mice, we used a custom antibody generated against the C-terminal 16 aa of mouse γ-synuclein. This antibody was deemed specific as it produced no labeling in sections of retina or optic nerve of Sncg −/− mice ( Fig. S5 A and  B) . With the use of this antibody, γ-synuclein was found in axons colocalizing largely with neurofilaments in control mice, but was found inside cells in highly degenerated nerves of DBA/2J mice ( Fig. S6 A and B) . The γ-synuclein-positive cells were identified as astrocytes based on their expression of Vim mRNA (Fig.  S6B) , morphology, and enwrapping of blood vessels (Fig. S6C) . Particularly in nerves with clear sectorial degeneration patterns (Fig. S6D) , γ-synuclein also was found in large spheroidal structures. Thus, optic nerve pathologic processes involving γ-synuclein reported in human glaucoma (12) also occur in DBA/ 2J mice. Interestingly, in DBA/2J mice with sectorial degeneration patterns, these spheroids were largest and most numerous at the MTZ (Fig. S6E) . Further, only some of the γ-synuclein-positive spheroids were contiguous with the axonal marker pNF (Fig. S6F) , suggesting that some might not be connected to intact axons. In animals with no obvious RGC degeneration, smaller spheroidal structures resembling protrusions and evulsions labeled by γ-synuclein were evident at the MTZ, and were more frequent and larger in the older mice (Fig.  S7A) . Confocal analyses revealed that some of the γ-synuclein structures at the MTZ were fully inside Mac-2-expressing astrocytes (Fig. S7B) . Thus, like the axonal spheroids and some astrocytes during glaucomatous degeneration, MTZ protrusions and evulsions contain γ-synuclein.
Some γ-Synuclein Becomes Protease Resistant During Glaucomatous Degeneration. To determine whether there might be proteaseresistant forms of γ-synuclein in glaucoma similar to those observed for α-synuclein in Parkinson disease (13) , both the antibody to the C terminus of γ-synuclein and a second γ-synucleinspecific antibody that does not label the C terminus of the protein (Fig. S5 B-D) were used to analyze retina sections from 3-mo and 10-mo DBA/2J mice. The loss of RGCs detected with the C terminus antibody (also see Fig. S2 ) coincided with increases in GFAP immunolabeling in astrocytes and Müller glia endfeet, and CD45 immunolabeling in microglia (Fig. 4A) . The C terminus γ-synuclein antibody also labeled irregular structures within the inner plexiform layer (IPL) that were present only in the aged degenerating retinas. These irregular structures were labeled preferentially by the C terminus antibody (Fig. 4B , Left) and were resistant to digestion with proteinase-K (PK; Fig. 4B, Right) . PKresistant γ-synuclein was also found at the ONH (Fig. 4C) . In control DBA/2J Gpnmb + mice, only a few spheroidal structures at the MTZ contained PK-resistant γ-synuclein. In contrast, in degenerating DBA/2J mice, abundant PK-resistant γ-synuclein was found within both spheroids and processes resembling degenerating axons, even in nerves with very little γ-synuclein labeling visible in the absence of PK digestion (Fig. 4C, Right) , suggesting that a significant fraction of γ-synuclein is detectable immunohistochemically only after PK digestion. Thus, there is formation of PK-resistant γ-synuclein in the retina and optic nerve during glaucomatous degeneration, including at the MTZ.
Mac-2 Up-Regulation at the MTZ After IOP Elevation Depends on γ-Synuclein. We next sought to determine whether γ-synuclein might play a role in the up-regulation of Mac-2 associated with axonal injury in glaucoma. To this end, Sncg −/− mice were compared with Sncg +/− mice 7 d after induced IOP elevation. The absence of γ-synuclein did not affect either the baseline IOP or the amount of IOP induced by translimbal laser photocoagulation (Fig. 5A) or the baseline amount of Mac-2 at the MTZ (Fig. 5B) . However, unlike the heterozygous Sncg +/− mice, which had a significant increase in Mac-2 expression at the MTZ, the Sncg −/− mice failed to increase Mac-2 expression after IOP elevation (Fig. 5B) . To determine whether γ-synuclein affected other IOP-dependent increases in glial reactivity, the expression of GFAP in the retina nerve fiber layer was analyzed. Translimbal lasering increased GFAP fluorescence on the retina surface, in astrocytes and Müller endfeet (Fig. S8A) . Lasering produced a significant increase in GFAP, which unlike the expression of Mac-2 at the MTZ, was not significantly affected by γ-synuclein genotype (Fig. 5C ). To determine if the lack of Mac-2 up-regulation at the MTZ was caused by a lack of retina damage in Sncg −/− mice, both the numbers of RGCs and pNF + RGCs were examined. Neurofilament light (Nfl) mRNA was used to count RGCs as it labeled the same cells as γ-synuclein mRNA in retina whole mounts of C57BL/6J mice ( Fig. S8 B and  C) . The current lasering protocol resulted in increased numbers of pNF + RGCs but no large or sectorial loss of RGCs within 1 wk of IOP elevation (Fig. S8D) . Overall RGC loss 1 wk after IOP elevation was small but significant (P = 0.01, two-way ANOVA, effect of lasering), although a more stringent statistical test showed it decreased only in Sncg −/− mice (Fig. 5D ). Lasering produced increases of more than two orders of magnitude in the number of pNF + RGCs, and Sncg −/− mice had approximately twice the number of pNF + RGCs after lasering relative to Sncg +/− mice (Fig. 5E) . Thus, the lack of Mac-2 up-regulation at the MTZ in Sncg −/− mice was not a result of less damage in the retina, as damage was even worse than in the mice that had γ-synuclein. Finally, Sncg genotype did not affect the amount of Mac-2 up-regulation by optic nerve astrocytes after optic nerve crush (Fig. 5F) , showing that the effect of γ-synuclein is specific to glaucoma-like insults, to ONH astrocytes, or both. Altogether, these data demonstrate that γ-synuclein plays a significant and specific role in regulating Mac-2 expression by MTZ astrocytes after glaucomatous insults.
Discussion
Possible Synucleinopathy in Glaucoma. Finding protease-resistant forms of γ-synuclein in glaucoma animal models is significant in light of the probable pathological role of protease resistant α-synuclein in Parkinson disease and related synucleinopathies (13) . The idea that aggregated γ-synuclein might contribute to RGC loss is based on recent studies showing that overexpression of γ-synuclein results in an aging-dependent formation of dystrophic beaded neurites, spheroids, and inclusions within neurons, as well as astrogliosis (14) . These pathological manifestations are similar to those observed in mice overexpressing α-synuclein and in patients with α-synucleinopathies (15, 16) . We show here that protease-resistant γ-synuclein is found at two major sites of glaucoma pathology in DBA/2J mice, the IPL and the ONH. Finding protease-resistant γ-synuclein at the ONH and demonstrating that increased reactivity of a subset of ONH astrocytes depends on γ-synuclein is significant, as this is a location where damage to axons can give rise to the sectorial pattern of RGC loss that characterizes human glaucoma (17) and the loss of RGCs in the DBA/2J mouse (8, 18, 19) and some other rodent models of glaucoma (20, 21) . Astrocytes and dystrophic axons containing γ-but not α-or β-synuclein have already been reported within the optic nerve in human glaucoma (12) . Thus, based on the current and previous studies, aberrant forms of γ-synuclein are associated with pathological manifestations of glaucoma. However, much work is needed to determine whether γ-synuclein aggregates contribute to the loss of RGCs in glaucoma, or rather whether the observed γ-synuclein pathologic processes merely represents a by-product of degeneration. We show here that, soon after sudden and large IOP elevation, mice that lack γ-synuclein fail to up-regulate Mac-2 and develop more axonal loss. These results suggest that, acutely after IOP increases, γ-synuclein plays a protective function for axons. Whether γ-synuclein can also play a pathological role in a low and chronic IOP age-dependent glaucoma, such as that seen in the DBA/2J mouse, remains to be determined.
ONH Astrocytes Are Constitutively Phagocytic. In the mammalian central nervous system, microglia are the major phagocytic cell, and together with macrophages are the principal means of clearing axonal debris during Wallerian degeneration (22) . However, phagocytic activity by astrocytes has been reported in mammals after experimental trauma (23, 24) , in response to glioma (25) , and during developmental axonal death (26) . Further, in nonmammalian vertebrates such as goldfish, astrocytes rather than microglia are principally responsible for clearing optic nerve debris during Wallerian degeneration (27) . What is most surprising about the ONH astrocytes is not that they can phagocytose axons, but that they do so constitutively in the noninjured optic nerve and through large internalizations of axonal cytoplasm and organelles derived from intact axons. The cellular and molecular mechanisms deployed to accomplish such phagocytosis while preserving axonal integrity are not known, but may involve the same pathway used in axonal pruning during Drosophila metamorphosis (28), as we show here that ONH astrocytes express some of these same genes.
The purpose of such bulk axonal phagocytosis at the ONH is also unknown. It may be a mechanism to degrade retrogradely transported materials too large to pass through the narrow lamina region without causing damage. Alternatively, it may be a homeostatic or stress-induced mechanism to degrade locally damaged organelles.
MTZ Astrocytes as Possible Mediators of Axonal Injury in Glaucoma.
We have identified a subpopulation of ONH astrocytes based on their constitutive expression of Mac-2. As a gap has been described between laminar astrocytes and the beginning of myelination in the mouse optic nerve (29) , these astrocytes should be categorized as a subset of postlaminar astrocytes. They are here named MTZ astrocytes because of their location. This location is unique in three important aspects. First, it is the position where astrocytes enwrap the first (hemi)node of Ranvier, a unique environment in terms of axonal transport and energy metabolism. Second, it is the position nearest to the vitreous where astrocytes contact pial septae filled with cerebrospinal fluid (30). This position may enable these astrocytes to sense the translaminar pressure differentials that have been recently implicated in glaucoma (31). Third, they are different from other ONH astrocytes in that they surround myelinated axons. Because the only gene identified so far that distinguishes MTZ astrocytes from other ONH astrocytes, Mac-2, is a marker associated with the degradation of myelin by professional (6) and nonprofessional (7) phagocytes, it is likely that both the normal and disease-related expression of Mac-2 by astrocytes at the MTZ is related to the phagocytosis of myelin that is uniquely required at this ONH location. Finding a previously unknown axon degradative pathway at the ONH of normal mice suggests a possible mechanism that might account for the sectorial nature of RGC loss in glaucoma. Failure by ONH astrocytes to clear axonal evulsions might lead to large focal accumulations of deleterious protein and lipid species capable of damaging whole axon fascicles. Determining whether such a mechanism contributes to axon loss in glaucoma is an important priority and should be the focus of further experimentation. Translimbal Laser Photocoagulation and Optic Nerve Crush. IOP was elevated unilaterally using methods similar to those used in rats (34) as recently modified for mice (35) , in 5-to 9-mo-old C57BL/6J Sncg −/− and Sncg +/− mice in groups matched for sex and age (7.6 and 7.5 mo, respectively). Burns were delivered directly behind the perilimbal plexus vessels (120-130 burns) and along the episcleral veins (15-20 burns) all around the limbus. IOP was measured with a rebound tonometer (TonoLab; Colonial Medical Supply). Only mice with peak pressures greater than 25 mm Hg were included in the study. Intraorbital crush to the optic nerve were delivered approximately 2 mm posterior to the globe for approximately 2 s using curved cross-action forceps (no. 7; Dumont), essentially as described (36) .
Immunohistochemistry and in Situ Hybridization. γ-Synuclein immunohistochemistry used a custom antipeptide affinity-purified polyclonal antibody (Covance) or a commercial monoclonal antibody raised to recognize human γ-synuclein (Genetex). Protease-resistant γ-synuclein was detected by treating sections with 25 μg/mL PK for 5 min before incubation with the primary antibody. Other antibodies include those labeling GFAP (Sigma-Aldrich), CD45 (Abcam), Mac-2 (ATCC), pNF (SMI31; Covance), NFH (Chemicon), and Iba1 (Wako). RGC-5 cells were obtained from N. Agarwal (University of North Texas Health Science Center, Fort Worth, TX), and sequencing of the Thy1 gene confirmed that they were of mouse origin, as reported (37) . Flatmounted retinas were processed for in situ hybridization using digoxigeninor fluorescein-labeled riboprobes for γ-synuclein and Nfl, transcribed from cDNAs (IMAGE clones 1448798 and 4506903; OpenBiosystems), hydrolyzed, and detected using Cy3 tyramides (Perkin-Elmer) for single in situ hybridizations, and both Alexa 488 (Invitrogen) and Cy3 tyramides for double in situ hybridizations, as previously described (8) . RGC and pNF + RGC numbers were estimated as previously described (8) . In situ hybridization of longitudinal optic nerve cryostat sections, carried out as previously (4), used probes for Vim, Plp, Lgals3 (i.e., Mac-2), Abca1, Lrp1, Mfge8, and Pla2g7, generated from IMAGE clones 6517902, 5364736, 3257514, 524474, 385360, 3593310, and 3707891, respectively (OpenBiosystems). When practical, image quantification was carried out at varied segmentation values (selecting only pixels whose values were above a certain threshold), as others have done (38) . All data were graphed and statistically analyzed by using GraphPad Prism (GraphPad Software).
Scanning Block-Face Serial EM. Scanning block-face serial EM employs a microtome inside of a scanning EM as originally described by Leighton (39) but recently refined by Denk and Horstmann (40) . A labeling procedure (SI Methods) was developed for optimal resolution in scanning block-face serial EM based on lead aspartate labeling (41) . Specimens were imaged on a Quanta SEM (FEI) equipped with a 3View serial block-face system (Gatan). Specimens imaged at high vacuum with 2.5-kV beam current and 70-nm sectioning thickness. A 2D montage was collected at each Z plane to increase field of view. Volumes were stitched and analyzed by using IMOD (http:// bio3d.colorado.edu/imod/) (42) .
